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sting by EAbstract Fracture morphologies of tested specimens, by means of the slow strain rate tensile test-
ing, were examined to study fracture modes by using scanning electron microscopy.
This study has led to the determination of three categories of specimens: unembrittled specimens,
slightly embrittled specimens and severely embrittled specimens. The ﬁrst category of unembrittled
specimens includes specimens tested in air, at potentials of 0.80 and 0.85 V (SCE) with embrit-
tlement ratio (ER)P 0.97. In the category of specimens slightly embrittled, only the specimen
tested at 0.9 V with an embrittlement ratio (ER) of 0.69 is included. The last category of severely
embrittled specimens includes the specimens with embrittlement ratio (ER) < 0.69.
The fractographic studies are consistent with the embrittlement of steel being due to hydrogen
embrittlement. The intergranular and transgranular quasicleavage fracture surface morphologies
observed with embrittled specimens are typical and characteristic of hydrogen embrittlement.
ª 2012 University of Bahrain. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The detrimental effect which hydrogen produces in metals,
generally known as hydrogen embrittlement (HE), has always
been one of the main problems of practical and theoretical
material technology of corrosion and protection of metals.
Hydrogen is the cause of damage whenever metal hydrogen
systems are involved in the production, transport and storage
of hydrogen, or ﬂuids containing hydrogen, and in the pres-
ence of electrochemical processes such as pickling, electroplat-13 0 33 81 21 43.
(R. Benbouta).
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lseviering, cathodic protection and corrosion. Hydrogen when
present either as an external gas environment or as a dissolved
proton can produce internal cracking or a dramatic loss of
toughness in a variety of metals (Takeda and McMahon,
1981; Gooch, 1974; Woodward and Procter, 1988; Hirth and
Johnson, 1976; Luu and Wu, 2001; Wu and Wu, 2002).
When considering the hydrogen embrittlement phenome-
non, one of the areas that is of most interest is the mode of
hydrogen fracture.
In the present work the objective was to study the fracture
process of the specimens tested under slow strain rate testing
(SSRT).
2. Experimental procedure
2.1. Material
The material investigated in the present study was low carbon-
manganese structural steel BS 4360 grade 50D. The nominal
composition of this material and its mechanical properties in
the condition in which it has been tested are given in Table 1.
The cylindrical tensile specimens with a 25.0 mm gauge length
Table 1 Mechanical properties and chemical composition of
steel.
Mechanical properties Heat treatment
r0.2 = 1220 MPa Austenitization for 1 min at 1200 C
U.T.S = 1440 MPa Water quench
RA= 48% Tempered for 30 min at 170 C
Chemical composition wt%
C Si Mn S P Ni Cr Mo
0.16 0.34 1.44 0.011 0.026 0.03 0.06 <0.02
Figure 1 SEM photomicrograph of fractured specimen tested in
air.
Fracture process of C–Mn steel embrittled by hydrogen 17and 3.0 mm gauge diameter were obtained in a longitudinal
direction from rolled plate steel. Prior to testing, the specimens
were ground longitudinally using 180, 400, 600 and 800 grit em-
ery papers, ultrasonically cleaned in methanol, rinsed in deion-
ized water and dried in warm air. Apart from the gage length,
the specimens were then coated with ‘‘lacomit’’.
2.2. Experimental details
2.2.1. Slow strain rate testing
2.2.1.1. Test apparatus. The apparatus for the SSRT is similar
to an ordinary tension testing machine, but the drive mecha-
nism produces much slower crosshead speeds than those
encountered in a tension test. In brief, it consists of a ﬁxed
frame, a carriage, a drive mechanism, a load cell and recorder,
using an electric-synchronous motor and a suitable gear redu-
cer. The carriage can be pulled downward at a constant rate in
the range of 107–104 mm/s. Thus, the downward movement
of the carriage pulls the specimen in tension to fracture.
2.2.1.2. Slow strain rate tests. Specimens were subject to con-
ventional, monotonic slow strain rate tensile testing in labora-
tory air and in 3.5% NaCl solution, without precharging, at
cathodic potentials of 0.8, 0.85, 0.9, 0.95, 1.0, 1.1
and 1.2 V. All tests were conducted at room temperature
and in natural aerated conditions. A potentiostat was used
to control the potential of the specimen during the test. The
potential of the specimen was measured relative to a saturated
calomel electrode (SCE). A strain rate of 2.077 · 107 s1 was
mainly used throughout.
2.2.1.3. Assessment of SSRT results.Measurement of specimen
ductility in slow strain rate test provides a convenient param-
eter for hydrogen embrittlement susceptibility. Elongation,
reduction of area (RA) or embrittlement ratio (ER) can be
used. The last two parameters were adopted and calculated
as follows:
RAð%Þ ¼ A0  A
A0
100%
Where: A is the area of the fractured surface, and A0 is the ori-
ginal area prior to straining.
ER ¼ RAðTest EnvironmentÞ
RAðAirÞFigure 2 Typical photomicrograph of equiaxed dimples.2.3. Fractography
Examination of the fracture surface and side surface of each
studied specimen was performed using a Hitachi H-45 scan-ning electron microscope (SEM). The voltage used during
examination was 20 KV.
3. Results
3.1. Electron fractography of tensile specimens
3.1.1. Fracture in air
SEM fractography of the steel tested in air showed that the
specimen fractured in a pattern of microvoid coalescence
(MVC). Fig. 1 shows fractograph of specimen failed in air. It
can be seen that the tensile specimen ruptured at the neck in
a cup and cone fracture appearance which tended to initiate
at the central region of the specimen. The deformation pattern
developed below the fracture surface indicates that this kind of
ductile fracture mode involves a large amount of plastic defor-
mation before ﬁnal failure. A typical fractograph of equiaxed
Figure 3 SEM photomicrograph of fractured specimen tested at
0.85 V (SCE).
(a) Gauge section (b) Fracture surface edge
Figure 4 SEM photomicrographs of the gauge section and
fracture surface edge of steel at 0.9 V (SCE).
18 N. Saidani et al.dimples contained in the central cup of the fracture surfaces is
shown in Fig. 2. These dimples are the result of the growth and
coalescence of microvoids which nucleate at particles such as
inclusions and precipitates.
3.1.2. Fracture in 3.5% NaCl
3.1.2.1. Tests at 0.8 and 0.85 V. For the tests performed at
0.8 and 0.85 V the fracture surface of specimens had also a
cup and cone appearance similar to that obtained in the air
test, Fig. 3.
3.1.2.2. Test at0.9 V. In this test, some embrittlement was no-
ticed. Failure occurred with an amount of plastic deformation
lower than that observed in tests in air, and at 0.8 and
0.85 V, Fig. 4a. The fracture surface consisted of a ragged
fracture path and smoother fracture path inclined at about
45 from the loading direction. A few patches, consisted
predominantly of intergranular cracking along the prior
austenite grain boundaries, were observed at the edge of the
ragged fracture path. A photomicrograph of the brittle area
is shown in Fig. 4b.3.1.2.3. Tests at 0.95 to 1.3 V. The tests carried out at
potentials of 0.95 to 1.3 V showed high degree of embrittle-
ment (ER ranged from 0.063 to 0.323). Examination of the
fracture surfaces indicated similarities between the fracture
morphologies. The fracture surfaces appeared to have a ﬂat
fracture proﬁle normal to the loading direction and shear type
fracture oriented at about 45 to the tensile axis. Typical pho-
tomicrographs of fracture are shown in Fig. 5.
In general, the fracture surfaces consisted mainly of a large
ductile region and small brittle area. The brittle area was gen-
erally localized at or near the edge of the fracture surface with
a predominantly intergranular cracking along the prior austen-
ite grain boundaries and limited areas of quasicleavage. Fig. 6
is characteristic of the features observed on many fracture sur-
faces in this potential range. It was noticed that as the potential
became more negative the proportion of the brittle region
increases.
4. Discussion
4.1. Fracture process
4.1.1. Unembrittled specimens
All these specimens fractured in a similar pattern of microv-
oids coalescence. Usually, the microvoids nucleate at regions
of highly localized plastic deformation such as inclusions and
grain boundaries. As the stress on the specimen increases,
the microvoids expand and intersect one another and ﬁnally
break up when the reduced cross sectional area cannot with-
stand the load any longer.
4.2. Slightly embrittled specimens
In this case, brittle type of failure, predominantly intergranular
cracking along prior austenite grain boundaries and some qua-
sicleavage features, accompanied the ductile type of failure such
as dimples and ductile tearing. The proportion of the brittle re-
gion was minimal, only one or two patches localized at the
edges of the specimen. It is believed that the presence and
growth of these brittle types of fracture cause the cross section
of the specimen, already reduced by necking, to be reduced even
more, and thus, the specimen will fail earlier than in their
absence. Because of the limited amount of hydrogen available
under these conditions, the cracks do not grow long enough
to cause an earlier reduction in the net cross sectional area.
4.3. Severely embrittled specimens
In this category of tests, the hydrogen availability is very high,
it diffuses into steel through the lattice and accumulates at de-
fect sites such as dislocations, inclusions, grain boundaries,
microvoids, phase interface and carbides. Its interaction with
certain of these defects results in intergranular or transgranular
quasicleavage cracking. Since the availability of hydrogen is
high, the number of sites for crack nucleation increases and
they grow long enough so that they could link more easily,
resulting in a surface covered with a large fraction of brittle
types of failures. Also, as the cracks grow faster, the reduction
in the net cross sectional area occurs at an earlier stage than
when insufﬁcient hydrogen is available.
In summary the reduced ductility of the C–Mn structural
steel when tested in NaCl solution at cathodic applied
(a) Gauge section (- 1. 1 V ) (b) Fracture surface(- 1. 1 V )
(c) Gauge section (- 1.3 V ) (d) Fracture surface(- 1.3 V )
Figure 5 Typical SEM photomicrographs of the gauge sections and fracture surfaces of specimens tested at potentials between 0.95
and 1.3 V (SCE).
(b) Tested at – 1.1 V(a)  Tested at –0.95 V (c) Tested at – 1.3 V 
Figure 6 Selected SEM photomicrographs of the fracture surface edge of specimens tested at potentials between 0.95 and 1.3 V
(SCE).
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20 N. Saidani et al.potentials is the result of the presence of mainly intergranular
cracks induced by cathodically evolved hydrogen. The hydrogen
which has diffused through the lattice accumulates at suscepti-
ble interfaces, and probably lowers the cohesive strength of
the lattice after a critical concentration has been reached, there-
by initiating an embrittling event at room temperatures in
ductile steel (Yoshino andMcMahon, 1974; Wang et al., 2007).
5. Conclusion
This work is devoted to fractographic investigation of C–Mn
structural steel under slow strain rate tensile testing. Examina-
tion of the fracture surfaces using SEM revealed the following
results:
1. The intergranular and transgranular quasicleavage fracture
surface morphologies observed with embrittled specimens
are typical and characteristic of hydrogen embrittlement.
2. The reduction in ductility of steel is attributed to the
appearance of brittle modes of fracture such as intergranu-
lar and transgranular quasicleavage features on the fracture
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